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Temperature dependences of the infrared absorbance have been measured for the four chiral liquid crystal
samples in the homeotropic cell configuration. It is shown that the values of the orientational order parameter
S obtained using this method exhibit a remarkable similarity to the x-ray diffraction results of the smectic layer
spacing and lead to accurate values of the molecular tilt angle. This has important consequences for the
existing interpretation of the x-ray data. The proposed method, in many cases, may be considered as a valuable
alternative to the x-ray diffraction, giving additional, important information about the orientations and the
ordering of the molecular fragments. It is found that if the experimentally obtained order parameter is low, then
the molecular biaxiality is exceptionally large. The average phenyl ring plane is found to lie close to the
molecular tilt plane.
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I. INTRODUCTION
Since the beginning of 1990s, the infrared spectroscopy
has been found to be an extremely powerful method for the
investigation of ferroelectric liquid crystals at a microscopic
level. After a preliminary paper on the subject by Zgonik et
al. 1, Kocot et al. 2 successfully employed the infrared
spectroscopy for determining the tilt angle and the order pa-
rameter. This was soon followed by Kim et al. 3 who used
this technique for proving the rotational bias in ferroelectric
and antiferroelectric liquid crystals. Since these earlier
works, the infrared spectroscopy has widely been used to
investigate an orientational order in liquid crystals. These
works were reviewed by Kocot et al. 4. Due to a progress
in the computational methods, a series of papers have re-
cently appeared in the literature 5–13, where infrared spec-
troscopy has significantly been supported by ab initio calcu-
lations. This promises to be a fruitful way for the future.
However, in most cases, liquid crystals have been studied
using this technique in planar homogeneous alignments only.
Investigating of liquid crystalline cells aligned homeotropi-
cally may yield additional important information. In this pa-
per we show that in such experiments, the temperature de-
pendence of the orientational order parameter obtained from
the infrared absorbance is a close analogy to the x-ray results
of smectic layer spacing. Moreover, from the same data we
are able to obtain reasonably precise values of the molecular
tilt angle and order parameters and in addition observe ef-
fects of the orientation and the rotational bias of the molecu-
lar short axes. This offers significant advantages over the
x-ray diffraction.
The homeotropic orientation means that the IR beam is
parallel to the smectic layer normal Fig. 1. The measured
absorbance, in the laboratory reference system, therefore, is
according to Fig. 1 and after normalizing with respect to the
isotropic phase 12,14,15
A = AX + AY/2A0 = 1 − SP2cos  +
1
2
D sin2  cos 2 ,
1
where  and  are the Euler angles describing the orientation
of the transition dipole moment in the molecular reference
system; P2x=
1
2 3x2−1 is the second Legendre polynomial
of x, S and D are two, out of a complete set of four, inde-
pendent order parameters of the second rank tensor as de-
fined by the Saupe ordering matrix
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is the cosine of the angle between the molecular axis 
and the laboratory or phase axis i. The order parameter S
called the uniaxial or nematic order parameter describes an
alignment of long molecular axes a probability of finding of
the molecular long axis z along the direction Z. D the mo-
lecular biaxiality parameter describes an orientational order
of short axes and biasing of the rotation about the long mo-
lecular axes a difference between the distribution of molecu-
lar axes x and y with respect to the axis Z. P the phase
biaxiality parameter describes an average tilting of mol-
ecules 15 a difference in the probabilities of finding the
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molecular axis z along the axes X and Y. C the mixed
biaxiality describes a coupling between D and P.
It is important to emphasize that in the sample aligned
homeotropically, there exist all possible orientations of tilting
directions around the smectic layer normal an isotropic dis-
tribution of angles , i.e., all values of  are equally prob-
able. This has been confirmed by the absence of IR dichro-
ism, using the polarized IR beam, for all the samples and the
phases studied.
Locally, at a level of single smectic layer, the transition
from SmA* phase to any tilted SmC* phase changes a sym-
metry of the single molecule distribution function, from
uniaxial to biaxial. The tilt plane i.e., the plane defined by
the director and the smectic layer normal is then the only
plane of symmetry of the system. For the tilted smectic
phases, therefore, it is convenient to use a reference system
fixed to the local director, and to the tilt plane, for example
by rotating the laboratory reference system around X by
angle  see Fig. 1, in the inset. In this reference system,
order parameter P=0 because Szz
X
=Szz
Y, and the order pa-
rameter S has the same meaning for nematics and tilted
smectics and is often called the molecular order parameter.
Values of the order parameters calculated with respect to
arbitrary chosen axes, fixed in space, are affected by the
appearance of the tilt, and consequently, the order parameters
in the laboratory reference system are often called “appar-
ent.” Hence the nonpolarized IR beam is parallel to the
smectic layer normal i.e., is always within the tilt plane and
rotated from the local director by , each smectic layer and
each randomly oriented, microscopic domain see Fig. 2
give exactly the same contribution to the macroscopic absor-
bance. Therefore, the experiments using the homeotropic cell
configuration are independent of the presence of the smectic
helical structure. Finally, we can write the formula for the




AZ sin2  + AY cos2  + AX , 3
which leads to the following final equation for the absor-
bance:
A = 1 − SP2cos P2cos 
+
1
2DP2cos  − 12Csin2 	sin2  cos 2 . 4
Here the symbols S, D, and C denote the order parameters
in the new reference system.
II. EXPERIMENT
A. Materials used for experiments
Four materials have been chosen for these experiments:
two of these are well-known, thoroughly investigated classic
liquid crystals: ferroelectric 3M2CPHOB also known as C6
17–19 and antiferroelectric MHPOBC 20; 12OF1M7
frequently referred as AS573 21–23 and novel
12OBPTFM5O1 synthesized at the University of Hull, UK.
Structures and phase sequences of the investigated materials
are shown in Fig. 3. The samples 3M2CPHOB and MH-
POBC have been included in the investigation because they
FIG. 1. Schematic diagram of experiments with homeotropically
aligned liquid crystals. X , Y , Z denote axes of the laboratory refer-
ence system. x , y , z denote axes of the molecular reference system.
 ,  ,  are Euler angles describing an orientation of the molecular
reference system vs the laboratory reference system n is an axis
perpendicular to the Zz plane—the line of nodes,  describes the
rotation around Z ,  describes the rotation around z.  and  de-
scribe an orientation of the IR transition dipole moment  in the
molecular reference system. xy is a projection of the transition
dipole moment  on the xy plane. In the inset: a definition of the
local system discussed in the text; X , Y , Z are axes of the local
system;  is the in-layer director tilt angle, =  the averaging
is made locally, i.e., for a single smectic layer.
FIG. 2. Color online Schlieren texture of 12OF1M7 in SmCA
*
phase T=42 °C. The diameter of the visible area is 	1 mm. The
diameter of the IR beam used in the investigations is approximately
6 mm.
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may be considered as reference compounds, on which works
are widely published in the literature. Two compounds in the
set MHPOBC and 12OF1M7 exhibit second order transi-
tion between SmA* and SmC* phases and a rich variety of
SmCA
*qT subphases. In 3M2CPHOB and 12OBPTFM5O1,
the SmA*–SmC* transition is of the first order and the sub-
phases are suppressed. Such a selection gives the best over-
view of the results obtained.
B. Sample preparation and measurements
Samples for the experiments were sandwiched between
two ZnSe windows covered with orienting layers of carboxy-
latochromium complexes chromolane in order to obtain the
homeotropic alignment. Mylar film of thickness of 5 
m has
been used as spacers. The cells were filled at a temperature a
few degrees above the transition to the isotropic phase. All
experiments were carried out using Bio-Rad FTS-6000 Fou-
rier transform infrared spectrometer with an accumulation
over 32 scans, with a temperature step of 0.3 °C. The tem-
perature was stabilized during 300 s for each point using a
homemade controller with an accuracy 	0.05 °C. Infrared
bands chosen for further considerations were then fitted with
a numerical approximation of the Voigt function.
Along with infrared experiments, the molecular structures
and their vibrational spectra were calculated using the
GAUSSIAN 98W program 24. The method of the density
functional theory DFT incorporating the hybrid B3LYP
functional and a standard polarized 6–31G* basis set has
been chosen for the calculations. For the smallest molecule,
3M2CPHOB, of only 59 atoms, the calculations were carried
out with higher accuracy using the diffusive 6–31+G* basis
set recommended for systems with a significant negative
charge; for 3M2CPHOB the presence of a chlorine atom in
the structure is the reason for this approach. Force fields
obtained from calculations were scaled using the scaled
quantum-mechanical SQM method 25,26. A set of factors
for the SQM method is given in Table I 27,28. The above
procedure has already been successfully applied to several
liquid crystalline systems 9,10,12,13 in the literature.
III. RESULTS AND DISCUSSION
A. Infrared spectra of the investigated compounds
Figure 4 shows a comparison between the experimental
and the calculated infrared spectra of the compounds inves-
tigated here. Table II contains basic assignments of the most
important bands based on the results of the DFT calculations
experimental frequencies for the isotropic phase.
B. Infrared studies as an alternative to x-ray diffraction
and a method for determining the tilt angle
For further consideration, a phenyl ring stretching band
1600 cm−1 has been chosen. This band is widely selected
for study as it is well defined and its transition dipole mo-
ment is almost parallel to the long molecular axis
3,5,6,11,12,22,23,29–32. This arises from the experimental
analysis of the IR dichroism and is supported by the DFT
calculations. The angle  for this transition dipole moment is
usually below 10°. However, if we consider the strong bend-
ing of chiral tails for antiferroelectric compounds 31, which
in reality cannot be properly reproduced in the DFT calcula-
tion of a single isolated molecule, it is much more reliable to
say that the transition dipole moment of this band is parallel
to the main axis of the molecular core. The behavior would
be easier to analyze after conversion to an order parameter:
from Eq. 1 for any band, where the transition dipole mo-
FIG. 3. Structures of the samples investigated and their phase
sequences; ferrielectric subphases are labeled as SmCA
*qT 16,
where qT=1/3 and 1/2 denote three-layer and four-layer phases,
respectively; all temperatures are in °C. Please note that because the
results of all experiments shown in this paper have been obtained
using thin cells, the temperatures of the phase transitions may be
shifted with respect to those given above.
TABLE I. Scaling factors for SQM procedure, X, Y, Z denote
heavy nonhydrogen atoms; some original factors not applicable
for the systems studied have been removed.
Symmetry of Modes Scaling Factor
X-Y stretching 0.9254
C-H stretching aliphatic 0.8890




Out of plane 0.9711
C-O-H bending 0.9047
Torsions of conjugated systems 0.9389
Torsions of single-bonded systems 0.8980
Linear deformations 0.8905
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ment is parallel to the long molecular axis, the formula can
be simplified because 
0 to
S = 1 − A . 5
Figure 5 shows temperature dependence of the apparent or-
der parameter S for the various compounds. The temperature
dependence is quite similar for all the compounds studied:
strong jump in the value at the transition from isotropic to
SmA* phase, from 0 to 0.6–0.8, followed by a slight in-
crease, obviously connected with a decrease in the thermal
fluctuations. At the transition to the SmC* phase, however,
an effect of the appearance of the tilt is reflected in a de-
crease in the value of the order parameter. The dependence
of the apparent order parameter for MHPOBC is surprisingly
similar to the behavior of smectic layer spacing for this ma-
terial as published by Kim et al. 32. Figure 6 shows the
region corresponding to that given in Ref. 32, which is
shown in the inset.




* transition was already observed in several anti-
ferroelectric compounds 33,34. An explanation of this ef-
fect given by Takanishi et al. 34 in terms of a decrease in
an interdigitation with a reduction of temperature is not sat-
isfactory and needs to be reconsidered. This problem is under
further investigation in our laboratory and will be described
in detail separately. However, the variations of the absor-
bance, near the transition SmC*-SmA*, and of the smectic
layer spacing are driven by an appearance of the tilt. There-
fore, it is possible to determine the tilt angle from our data.
Comparing Eqs. 1 and 4 for the case 
0 leads to the
following result 35:
S = SP2cos  , 6
which allows us to determine  if the S and S values are
known
 = arccos2
3 SS + 12 . 7
The values of the apparent order parameter S are experimen-
tally measured as shown in Fig. 5. We can obtain S by
extrapolating S from the SmA* phase, where S=S, to lower
temperature phases. The fit can be obtained using the power
law
S = BTc − Tc. 8
Of course, the above equation does not describe properly the
character of the phase transition Is-SmA*, which obviously is
a first order transition, but gives a reasonably good agree-
ment with the experimental data in the SmA* phase range
Figs. 7 and 8. In Eq. 8, B, Tc, and c are constants. The fits
and further results of the tilt angles are shown for
3M2CPHOB Fig. 7, MHPOBC, and 12OF1M7 Fig. 8 as
compounds, for which the corresponding values obtained us-
ing x-ray diffraction are known. Due to the first order
SmA*-SmC* transition in 3M2CPHOB, we may expect that
the order parameter may exhibit some discontinuity. Indeed
FIG. 4. Infrared spectra of the investigated compounds; solid
lines—experimental spectra, dotted lines—calculated spectra. Due
to relatively small intensities of bands in lower frequency parts of
the calculated spectra, their vertical scales below 900 cm−1 have
been expanded. All the experimental spectra have been collected a
few degrees above a transition to the isotropic phase for each
compound.
TABLE II. Assignments of the most important infrared bands.
Frequency cm−1
Mode 3M2CPHOB MHPOBC 12OF1M7 12OBPTFM5O1
C=O stretching core 1742 1750 1740
C=O stretching chiral 1769 1719 1721 1740
Phenyl ring stretching 1609 1603 1604 1603
Phenyl ring in-plane deformation 1167 1180
Phenyl ring out-of-plane deformation 765 764 766
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such a discontinuity is visible in the order parameters ob-
tained using NMR 18,19. Although, the values of the order
parameter S obtained using both techniques IR and NMR
are slightly different, nevertheless, we may expect that the
discontinuity as an increase of 6% in S is really the same.
The values of the tilt angle obtained with and without the
discontinuity being considered are presented in Fig. 7b.
The latter ones are in perfect agreement with those given by
Bahr and Heppke 17. For MHPOBC and 12OF1M7, which
exhibit second order transition between SmA* and tilted
smectic phases, we cannot expect any discontinuity. The cal-
culated tilt angles are given for MHPOBC in Fig. 8b and
for 12OF1M7 in Fig. 8c. It appears that the agreement be-
tween the IR and x-ray results is not only qualitative, but
also the maximum tilt angles agree reasonably well. The tilt
angle calculated from the x-ray data given in Ref. 32 for
MHPOBC is approximately 16°, which is exactly the same
as that obtained from IR. For 12OF1M7 the agreement be-
tween IR 18.3° and x-ray 20°—as shown by Matkin et
al. 36 is only slightly worse.
The overall similarity of results obtained using both tech-
niques has important consequences. With the 1600 cm−1
band, we can in fact observe especially by taking into ac-
count a distribution of the long molecular axes around the
director a behavior of the main axes of the molecular cores.
It means that the molecular cores tilt by exactly the same
angle as that deduced from the smectic layer shrinkage. The
usual explanation, that the steric tilt angle saturates always at
lower values than the optical tilt because the molecular cores
tilt more than the molecular tails see, for example, Mills et
al. 37, seems not to be the case. A detailed discussion of
the various possible explanations is given below:
i The temperature dependences of the smectic layer
spacing obtained using x-ray and the order parameters ob-
tained using IR, leading to a deduction of the tilt angle, have
been carried out in the homeotropic geometry, while the op-
tical tilt angle is measured in a planar homogeneous cell.
Therefore, one possible explanation is that the molecules be-
FIG. 5. Order parameter S vs temperature for the investigated compounds; due to convenience, the label SmC* in the case of MHPOBC
and 12OF1M7 includes also the SmC
* phase and all very narrow SmCA
*qT subphases.
FIG. 6. Order parameter for the MHPOBC. The temperature
dependence of the smectic layer spacing is given in the inset re-
printed from Ref. 32. The region labeled SmC* includes SmC*
phase, SmC
* phase, and the various narrow SmCA
*qT subphases.
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have differently in both cases, the behavior of the bulk
sample the influence of substrates on molecular behavior in
the homeotropic alignment is believed to be insignificant
and the sample in surface-stabilized cells cannot be directly
compared to each other. Moreover, the tilt angle obtained
from the rotation of the absorbance profile of the same band
1600 cm−1 in homogeneous cells usually give values of the
tilt angle much closer to the optical ones see, for example,
Refs. 6,12,22, higher than those obtained from the homeo-
tropic geometry.
ii The cores and the entire set of molecules tilt exactly
as observed by x-ray and also by IR, while the optical tilt,
forced by an external electric field, is partially a result of the
coupling between the spontaneous polarization of the mate-
rial and an external electric field the electroclinic effect.
It is worth noting that accepting either of the above sce-
narios implies that liquid crystalline molecules are much
more rigid than generally anticipated, the molecules tilt as a
whole, and a relation between the molecular cores and the
molecular tails does not change significantly in tilted phases.
Consequently interpenetration of molecular tails between the
layers cannot be extensive. It seems too that a slight increase
of smectic layer spacing with decreasing of temperature, as
observed within SmA* phase for many antiferroelectric liq-
uid crystal AFLC compounds see, for example, Refs.
32,37, can be directly attributed to an increased orienta-
tional order.
C. Orientation of the molecular cores: phenyl ring
out-of-plane vibrations
Some important information about the orientation of the
molecular cores can be obtained by analyzing the phenyl ring
out-of-plane band 760 cm−1. Such a band could not be ob-
served in the material 3M2CPHOB there are some out-of-
plane vibrations near 800 cm−1 but this band is strongly dis-
turbed by vibrations of a different symmetry. In order to
analyze this band, we need to take into account the following
problems: i we cannot see aromatic rings in the spectra
separately; ii we do not observe absorption bands for cer-
tain configuration of the aromatic rings; and iii we do not
know the “torsional angles” between the aromatic rings.
For example it is known Tashiro et al. 38 that biphenyl
and its derivatives exhibit the Raman band at 410–420 cm−1
if the biphenyl rings are twisted. However, this band is not
observed when biphenyl rings are coplanar. Temperature de-
FIG. 7. Fit of the order parameter and its extrapolation to the
lower temperatures a and tilt angle values b for 3M2CPHOB;
circles denote the experimental order parameter, the line is drawn
from a fit using Eq. 8. Squares—values of the tilt angle obtained
using Eq. 7 with an assumption of the order parameter varying
continuously from SmA* to SmC*; triangles—values of the tilt
angle obtained by taking into account a jump of the order param-
eter; stars—x-ray tilt as given by Bahr and Heppke 17.
FIG. 8. Fit of the order parameter and its extrapolation to the
lower temperatures and tilt angle values obtained using Eq. 7 for
MHPOBC a and b and 12OF1M7 c. Due to the continuous
transition from SmA* phase to tilted smectic phases, the fit has been
carried out for points far from the transition temperature. The order
parameter in SmC
* phase due to a small tilt is approximately the
same as in SmA* phase; however, it enables a calculation of rea-
sonable values of the tilt please note a nonlinear character of Eq.
7. Values of the tilt angle for MHPOBC virtually decrease at
temperatures lower than those shown in the figure. This is clearly an
effect of the underlying SmIA
* phase, exactly as shown by Takanishi
et al. 34 for a similar compound. Because the origin of this effect
is not discussed here, we are showing the values of the tilt angle
only to the point of its maximum value.
KORLACKI et al. PHYSICAL REVIEW E 72, 041704 2005
041704-6
pendence of the intensity of this band for MHPOBC Kim et
al. 32 suggests that biphenyl parts of these molecules are
twisted in the mesophase by some angle, and the angle on
the average decreases with decreasing temperature. There-
fore, the absorbance of the out-of-plane bands contains infor-
mation about the orientation of the phenyl rings as well as
about their possible flattening at lower temperatures. Tem-
perature dependencies of the absorbance of the band
760 cm−1 for the three antiferroelectric compounds are given
in Fig. 9. All three dependencies show a similar tendency of
increase with decreasing temperature and are only slightly, if
at all, affected by an appearance of the molecular tilt. Dashed
lines in the plots are simple numerical simulations of the
expected absorbance in a hypothetical case of uniform dis-
tribution of transition dipole moments around the axis of the
director. In order to perform the simulation, a sample set of
200 unit vectors, uniformly distributed on a circle, has been
considered Fig. 10. For the SmA* phase, the circle was
assumed to be perpendicular to the IR beam as vectors of
the transition dipole moments for the out-of-plane vibration,
which are normal to the phenyl ring planes. In lower tem-
perature phases, the circle was tilted by the tilt angle ob-
tained from previous analysis of the phenyl ring stretching
band 1600 cm−1. For each temperature point projections of
all the sample vectors were summed up and normalized to
unity for the SmA* phase range divided by 200. A power
law obtained by fitting experimental points in the range of
SmA* phase was used to simulate the effect of molecular
fluctuations.
The observed deviation from simulated curve shows that
the distribution of transition dipole moments is not uniform.
The direction of that deviation into higher values, except in
the range 87–127 °C for MHPOBC, where an inverse ten-
dency is observed indicates that the transition dipole mo-
ments are on the average oriented rather perpendicular to the
molecular tilt plane it means that phenyl rings are oriented
on the average close to the molecular tilt plane. What espe-
cially is found to be interesting is that the departure from
simulated values are the largest for 12OBPTFM5O1, for
which the experimentally obtained values of the order pa-
rameter S are the lowest. This suggests that the relatively
small order of the long molecular axes for this compound
FIG. 9. Absorbances of the phenyl ring out-of-plane bands
760 cm−1 for MHPOBC, 12OF1M7, and 12OBPTFM5O1 vs tem-
perature. Points—experimental values, dashed lines—a numerical
simulation of the absorbance in the case of uniform distribution of
the transition dipole moments around the axis of the director i.e.,
the isotropic distribution of angles , see Fig. 1; details of the
simulation are given in Fig. 10 and in the text.
FIG. 10. Schematic diagram of an analysis of the phenyl ring
out-of-plane bands. Arrows represent the IR transition dipole mo-
ments in case of the phenyl ring out-of-plane vibration perpendicu-
lar to planes of the rings. The vertical line is parallel to the IR
beam,  is the molecular tilt angle. In the tilted smectic phase, three
possible cases are shown: a the uniform distribution of the dipoles
around the axis of director isotropic distribution of angles  is
kept, this case is considered in Fig. 9 as dashed lines; b the tran-
sition dipole moments are on the average oriented rather perpen-
dicular to the molecular tilt plane i.e., phenyl rings are on the
average oriented closer to the molecular tilt plane, then simulated
values of the IR absorbance are higher than in the case a; c the
transition dipole moments are on the average oriented closer to the
molecular tilt plane i.e., the phenyl rings are on the average ori-
ented rather perpendicular to the molecular tilt plane and the simu-
lated absorbance is lower than for case a.
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and, anyway, not very much higher for 12OF1M7 is com-
pensated by the higher order of the short molecular axes i.e.,
higher molecular biaxiality, which results in relatively high
values of the spontaneous polarization for this compound
194 nC·cm−2 39. This tendency may turn out to be a
common feature for materials, for which the first order
SmA*–SmC* transition is observed. Recently Gleeson et al.
40 proposed a model, which takes into account the molecu-
lar biaxiality to explain different temperature dependencies
of tilt and spontaneous polarization for similar compounds.
This seems to be in good qualitative agreement with our
data.
IV. CONCLUSIONS
Infrared spectroscopic results on the apparent order pa-
rameter obtained for a group of ferroelectric and antiferro-
electric compounds in homeotropic geometry show remark-
able consistency, with results of the smectic layer spacing
obtained using x-ray diffraction. This is due to the fact that a
variation in the apparent order parameter with temperature is
largely driven by the tilt, which in turn gives rise to a depen-
dence of the layer thickness on temperature. An almost per-
fect correspondence between the results using IR spectros-
copy and x-ray diffraction is obtained. However, there is a
discrepancy between the results of the optical tilt and those
obtained using x-ray diffraction. The correspondence of our
results with those obtained using x-ray diffraction suggests
that the reasons, advanced previously in the literature, of the
optical tilt angle being greater than that deduced using x-ray
diffraction, need to be reconsidered.
A qualitative analysis of the out-of-plane vibrations of the
phenyl rings shows that these rings have a tendency to orient
closer to the molecular tilt plane. This tendency is especially
strong for molecules, which exhibit a rather low order pa-
rameter of the long molecular axes. This observation con-
firms that the molecular biaxiality plays an important role in
the creation of the spontaneous polarization in such a class of
AFLCs.
Additional valuable information obtained from a single
experiment proves that the given technique may be ex-
tremely useful in the investigations of a range of the molecu-
lar properties of liquid crystals.
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